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Abstract: Deep-tissue penetration is highly required in in vivo optical
bioimaging. We synthesized a type of red emissive fluorophore BT with
aggregation-induced emission (AIE) property. BT molecules were then
encapsulated with amphiphilic polymers to form nanodots, and a large two-
photon absorption (2PA) cross-section of 2.9 x 10° GM at 1040 nm was
observed from each BT nanodot, which was much larger than those at the
wavelengths of 770 to 860 nm. In addition, 1040 nm light was found to
have better penetration and focusing capability than 800 nm light in
biological tissue, according to the Monte Carlo simulation. The toxicity and
tissue distribution of BT nanodots were studied, and they were found to
have good biocompatibility. BT nanodots were then utilized for in vivo
imaging of mouse ear and brain, and an imaging depth of 700 um was
obtained with the femtosecond (fs) excitation of 1040 nm. The red emissive
AIE nanodots with high 2PA efficiency at 1040 nm would be useful for
deep-tissue functional bioimaging in the future.

© 2015 Optical Society of America

OCIS codes: (160.2540) Fluorescent and luminescent materials; (160.4236) Nanomaterials;
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1. Introduction

Bioimaging is of great importance to the development and clinical applications of medicine
[1].Among various techniques, X-ray, Computed Tomography (CT), ultrasonic imaging and
Magnetic Resonance Imaging (MRI) are the most popular ones. However, X-ray and CT have
radiation damage to the biological tissues [2], and the resolution and contrast of ultrasonic
imaging and MRI are not well satisfying [3,4]. Optical bioimaging is a very promising
technique, due to its high spatial resolution, abundant information source, low damage to the
bio-samples and feasibility to combine with other techniques [5]. However, the depth of
optical bioimaging is usually a problem, due to water absorption and light scattering in
biological tissues [6]. Two-photon luminescence (2PL) imaging, with its inherence of lower
autofluorescence, reduced out-of-focus photobleaching, intrinsically high three-dimensional
resolution, and deep-tissue penetration capability, is a favored technology in in vivo optical
bioimaging [7]. Thus, the fluorescent labels with high 2PL brightness, good stability and
biocompatibility are highly required in 2PL imaging [8].

To date, various fluorescent probes, including small organic dyes [9], fluorescent proteins
[10], inorganic semiconductor quantum dots (QDs) [11] and metal nanoparticles [12,13] have
been exploited for 2PL bioimaging. However, these materials have some drawbacks, such as
limited fluorescence stability of organic dyes and fluorescent proteins under long-term laser
excitation [14—16], potential toxicity and irregular blinking of QDs [17], and photo-thermal
damage suffered by metal nanoparticles [18]. To improve the photobleaching resistance, as
well as brightness of organic dyes, one method is to increase their concentration. However,
most organic dyes suffer from a severe aggregation-caused quenching (ACQ) effect [19],
which means their fluorescence is quenched at high molecule concentrations. Aggregation-
induced emission (AIE) luminogens can overcome this problem by restricting the non-
radiative pathways [20]. Nanoparticles doped with AIE luminogens possess high brightness
[19], good chemical stability and photostability, as well as biocompatibility, which makes
them promising labels for 2PL bioimaging [21,22].

In this paper, we synthesized a type of red emissive organic fluorophore, which is called 3,
5-dimethyl-8-[4-(1,2,2-triphenylvinyl)phenyl-1-yl]-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (BODIPY-TPE or BT), and its AIE feature was characterized in THF/water
mixtures. Small BT molecules were encapsulated into nanomicelles with a modified
nanoprecipitation procedure [23,24]. The one-photon and two-photon behaviors of the BT
nanodots were characterized, and a 2PA cross-section of 2.9 x 10° GM was observed at 1040
nm, which is much higher than those at the wavelengths ranging from 770 to 860 nm. In
addition, we studied the propagation of 800 nm and 1040 nm laser beams in biological tissue,
with Monte Caro simulation [25]. 1040 nm laser beam was found to have better penetrating
and focusing capability in biological tissues than the conventionally used 800 nm laser beam,
due to less tissue scatting, which would be more helpful for deep-tissue imaging. The toxicity
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and tissue distribution of BT nanodots were studied by imaging the organs of mice at different
time points post injection of BT nanodots, and they were found to have good
biocompatibility. By utilizing a 1040 nm fs laser (150 fs, 50 MHz), BT nanodots were further
utilized for in vivo imaging of blood vessels of mouse ear and brain. High contrast 3D images
were constructed vividly, and the imaging depth could reach 700 pm in the mouse brain. The
combination of red emission, high 2PA cross-section from AIE nanodots, and efficient 1040
nm fs laser excitation would be helpful to deep-tissue functional in vivo imaging in the future.

2. Methods and experiments
2.1 Materials and instruments

The BODIPY-TPE fluorogen was prepared following our previously published protocol [26].
DSPE-mPEGsyy was purchased from Creative PEGWorks, Inc. Other chemical reagents,
which were not specially mentioned, were purchased from Sigma Inc. Deionized (DI) water
was used in all the experiments. The extinction spectra were recorded on a UV-vis scanning
spectrophotometer (UV-2550, Shimadzu, Japan) and the photoluminescence (PL) spectra
were obtained by a fluorescence spectrophotometer (F-2500, HITACHI, Japan). The
morphologies of BT nanodots were taken by a transmission electron microscope (TEM, JEM-
1200EX, JEOL, Japan) operating at 160 kV in bright-field mode.

2.2 Preparation and characterization of BT nanodots

BT nanodots were synthesized via a modified nanoprecipitation procedure [23,24], and the
schematic illustration was shown in Fig. 1(a). Briefly, 250 pL of BT solution in chloroform (1
mg/mL) and 100 pL of DSPE-mPEGs solution in chloroform (10 mg/mL) were added into
a flask to form the mixture. After sonicated for several minutes, the mixture was dried under
vacuum in a rotary evaporator at 65°C to remove the chloroform. 200 pL of deionized water
was then added into the flask and the solution was sonicated. Finally, an optically clear and
chemically stable suspension containing BT nanodots was prepared.
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Fig. 1. (a) A scheme illustrating the synthesis process of BT nanodots. (b) Schematic
illustration of the setup for 2PA cross-section measurements.

#242551 Received 8 Jun 2015; revised 22 Aug 2015; accepted 31 Aug 2015; published 3 Sep 2015
(C)20150SA 1 0ct 2015 | Vol. 6, No. 10 | DOI:10.1364/BOE.6.003783 | BIOMEDICAL OPTICS EXPRESS 3786



Two-photon action cross-section (#0), which is the product of 2PA cross-section (J) and
fluorescence quantum yield (7), is a parameter describing how bright a fluorophore is under
two-photon excitation [27]. To compare the two-photon fluorescence efficiency of BT
nanodots, under conventional 800 nm fs excitation and our proposed 1040 nm fs excitation,
the ¢ and 76 of the nanodots were measured via a two-photon induced fluorescence method
[28,29]. A mode-locked Ti:Sapphire fs laser (200 fs, 76 MHz) was used as the excitation
source for the measurement of J at wavelengths from 770 nm to 860 nm, and an amplified
output of a large-mode-area ytterbium-doped photonic crystal fiber (PCF) oscillator (1040
nm, 150 fs, 50 MHz) was adopted for the measurement of J at 1040 nm. The fs laser beam
was focused onto the sample in a cuvette by a lens (f = 40 mm), and the focus was near the
edge of the cuvette to minimize self-absorption of 2PL signal by the sample. The 2PL signal
from the sample was collected by an objective (20 x , NA = 1.00), which was perpendicular to
the laser beam propagation direction, filtered by a 775 nm short-pass optical filter, and
directed into a spectrometer (PG2000, Ideaoptics Instruments), as shown in Fig. 1(b).
Rhodamine B (RhB) in methanol was used as the reference [30]. The 2PA cross-section of BT
nanodots was calculated according to the following equation [29]:

[ _ Bmyeony (1)
50 F 077101”1

where 0 is the 2PA cross-section, £ is the 2PL intensity, # is the fluorescence quantum yield

(QY), c is the molar concentration,  is the refractive index of the solvent, and the subscripts 0

and / represent the reference (RhB in methanol) and the sample (BT nanodots in water).

2.3 Monte Carlo simulation of the focal spots of 1040 nm and 800 nm laser beams in
biological tissue

The penetration and focus capability of the excitation laser beam in biological tissue is
dependent on the scattering and absorption of light in the tissue, and previously, 1040 nm
light has been proved to have better penetration depth than 800 nm light [31]. Vectorial
electric field Monte Carlo (EMC) simulation, which can be used to simulate the scattering and
absorption of the electric field, was applied to generate the intensity distribution of focal spots
in biological tissue at some typical depths for our experiment. The brain was assumed to be a
tissue-like phantom containing scattering beads of 1 um diameter at a concentration of 0.1044
spheres/um’, which resembled the scattering property of the gray matter of the cortex [25, 31—
33]. 1040 nm and 800 nm were chosen as the simulation wavelengths.

2.4 Biodistribution and clearance of BT nanodots in mice

All the animal experiments were conducted in accordance with the rules of Zhejiang
University Animal Study Committee for the care and use of laboratory animals in research.
The animal housing area was kept at 24°C with a 12 hour light/dark cycle, and animals were
fed with water and standard laboratory fodder. 8-week-aged female BALB/c mice were used
for in vivo imaging. The mice were intravenously injected with 200 uL PBS (1 x ) dispersion
containing BT nanodots via their tail veins. The mice were put down at various time points
after the injection, and their major organs, including heart, liver, spleen, lungs and kidney,
were taken out through surgery, washed with PBS (1 x ), and were then immersed in 4%
formaldehyde solution. The organs of mice at different time points were imaged on a Maestro
in vivo optical imaging system (CRI, Inc. Woburn, MA). The excitation wavelengths were
centered at 523 nm and the images were captured with a constant exposure time of 200 ms for
all the samples.
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2.5 In vivo imaging of ear blood vessels of mice

8-week-aged female BALB/c mice were used for in vivo imaging. The mice were anesthetized
with an intraperitoneal injection of 5% trichloroacetaldehyde hydrate solution, and 200 pL
PBS (1 x ) dispersion containing BT nanodots was intravenously injected into the mice via
their tail veins. The mice were placed on a transparent Petri dish with one ear stuck on it, so
the area could be immobilized for in vivo microscopic imaging.

An upright confocal microscope (Olympus, BX61W1-FV1000) equipped with the 1040
nm fs laser (pulse width: 150 fs, repetition rate: 50 MHz, average output power: 2 W), was
used for 2PL microscopic imaging of the ear blood vessels of mice. A long work distance
water-immersion objective lens (20 x , NA = 1.00, work distance = 2.2 mm) was used to
focus the fs laser beam onto the water-immersed earlobe of mice. The 2PL signals were
collected with the same objective, through a 590 nm long pass filter, and collected by an
external photomultiplier tube (PMT) via non-descanned detection (NDD).

2.6 In vivo imaging of brain blood vessels of mice

8-week-aged female BALB/c mice were used for in vivo brain imaging. The mice were
anesthetized with an intraperitoneal injection of 5% trichloroacetaldehyde hydrate solution
and their skulls were opened up through microsurgery. A small metal ring with a handle was
mounted onto the opened brain of each mouse. Then a round thin cover glass slide was
embedded in the ring and adhered to the mouse through dental cement. This could help to
protect the brain from the damage of surroundings, as well as offer a cranial window for
microscopic imaging. The metal ring was then connected to a metal plated with a handle, via
handle-handle connection. As the metal plate was very heavy, this configuration could help to
keep the mouse head immobilized during the whole imaging process. The mice were then
intravenously injected with 200 pL of BT nanodots in 1 x PBS dispersion via their tail veins.

In vivo 2PL imaging of brain blood vessels was conducted on the same two-photon
scanning microscope system (Olympus, BX61W1-FV1000; objective: 20 x , NA = 1.05, work
distance = 2.2 mm; wavelength of excitation fs laser: 1040 nm). The 2PL signals were
collected with the same objective, through a 590 nm long pass filter, and collected by an
external photomultiplier tube (PMT) via non-descanned detection (NDD).

3. Results and discussion
3.1 Molecular structure and AIE property of BT

The molecular structure of BODIPY-TPE (BT) was shown in Fig. 2(a). It was composed of
tetraphenylethene (TPE) as the donor and boron dipyrromethene (BODIPY) as the acceptor,
and this donor-acceptor structure would be helpful to improving the fluorescence intensity of
dye [21, 34]. BODIPY derivatives have strong absorption, sharp fluorescence bands, high
quantum yield and large 2PA cross-section [35], and the propeller-shaped TPE was
commonly used in AIE compounds due to the restriction of intramolecular rotation (RIR) in
its structure [36].

The AIE behavior of BT was studied by measuring the fluorescence (FL) spectra of BT in
THF/water mixtures with different volume fractions of water (f,,), which enabled fine-tuning
of the solvent polarity and the aggregation extent of BT molecules. As shown in Fig. 2(b) and
2(d), with increasing f,, in THF/water mixtures from 0 to 60 vol%, the fluorescence intensity
around 530nm (giving green fluorescence) decreased, which was attributed to a typical
twisted intramolecular charge transfer (TICT) effect, resulting from the increase of the solvent
polarity [37]. Upon continuing increasing f, from 70 to 95 vol%, fluorescence with
wavelength longer than 600 nm (giving red fluorescence) appeared and its intensity increased
dramatically, as shown in Fig. 2(c) and 2(e). It might come from the restriction of
intramolecular rotation and consequential suppression of non-radiative path ways of BT
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molecules when aggregated into nanoparticles, and this was a typical indication of the
aggregation-induced emission enhancement (AEE) feature of BT molecules [38].
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Fig. 2. (a) Chemical structure and molecular geometry of BT. (b) and (c) Fluorescence spectra
of BT in THF/water mixtures with different volume fractions of water (f), (b) f, = 0 to 60
vol%, (c) f, = 70 to 95 vol%. (d) and (e) Plot of peak fluorescence intensity of BT versus f,, in
THF/water mixtures, (d) f, = 0 to 60 vol%, (e) f, = 70 to 95 vol%. [BT] = 10 uM; excitation
wavelength Aex =420 nm.

3.2 One- and two-photon properties of BT nanodots

The morphology of BT nanodots was visualized by TEM. As shown in Fig. 3(a), they had a
spherical shape, with a mean diameter of 52 nm.

The extinction and one-photon luminescence (1PL) spectra of BT molecules in THF, as
well as aqueous dispersion of BT nanodots, were shown in Fig. 3(b) and 3(c). For BT in THF,
it had an absorption peak near 511 nm and the emission spectrum was centered at 532 nm
(giving green fluorescence), with a small Stokes shift of 21 nm (Fig. 3(b)). For BT nanodots,
the absorption peak was slightly shifted to 522 nm, while the emission peak was distinctly
red-shifted to 620 nm (giving red fluorescence), resulting in a large Stokes shift of 98 nm
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(Fig. 3(c)). Fluorescent probe with large Stokes shift is very beneficial for bioimaging, as its
emission signals could be easily extracted from the excitation light via an optical filter, which
could provide a better signal-to-noise ratio for the image [39]. Considering DSPE-mPEGjq
molecules had no absorption in the visible wavelength range, the slight red-shifted absorption
peak of BT nanodots might be induced by the increasing surrounding refractive index of BT
in the nanomicelles, and the lift up of the extinction in the short-wavelength range was due to
the light scattering from BT nanodots. The large emission peak red-shift of BT nanodots arose
from the restriction of intramolecular rotation of BT molecules, and this would be another
indication of the AIE feature of BT molecules [24]. The red emission was favored in deep-
tissue bioimaging, due to its less scattering in biological tissues [40].
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Fig. 3. (a) A representative TEM image of BT nanodots. Scale bar: 200 nm . (b) Extinction and
IPL spectra of BT molecules in THF, A« = 420nm. (c) Extinction and IPL spectra of BT
nanodots in aqueous dispersion, A, = 420nm. (d) 2PA cross-section of BT nanodots at various
wavelengths.

The 2PA cross-sections (d) of BT nanodots at 770 — 860 nm and 1040 nm were shown in
Fig. 3(d). The d of BT nanodots were all above 4 x 10° GM, illustrating BT nanodots possess
good 2PA efficiency. The J at 1040 nm was about 2.9 x 10® GM, and it was much larger than
those at 770 — 860 nm. Thus, a 1040 nm fs laser could achieve better 2PL excitation of BT
nanodots than commonly used Ti:Sapphire fs laser, whose wavelength is tunable from 770 nm
to 860 nm. In addition, the quantum yield (#) of BT nanodots in aqueous dispersion was
measured to be 5.0%, via a widely used comparative method [41]. So the two-photon action
cross-section (170) of BT nanodots at 1040 nm was calculated to be 1.5 x 10° GM, which was
much higher than some commercial organic dyes (e.g. 70 of RhB in MeOH is 23 GM at 1040
nm), indicating the high 2PL brightness of BT nanodots under the fs excitation of 1040 nm.

3.3 Intensity distribution of focal spots of 1040 nm and 800 nm laser beams in biological
tissue

Figure 4 shows the intensity distribution of focal spots of 1040 nm and 800 nm laser beams in
biological tissue at some representative depths, according to Monte Carlo simulation. Near the
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surface of tissue, as shown by Fig. 4(a) and 4(e), the size of the focal spot of the 1040 nm
light beam is larger than that of 800 nm light beam, which was due to the diffraction effect.
With the increase of the focal depth, as shown in Fig. 4(a)-4(d) and 4(e)-4(h), the intensities
of the focal spots of both two laser beams decreased, since light scattering existed in the
tissue. However, the 1040 nm laser beam has a better focusing than 800 nm laser beam, as
light with longer wavelength has less scattering effect. As shown in Fig. 4(i), the calculated
integral intensity of the focal spot of 1040 nm laser beam is always higher than that of 800 nm
laser beam, from depth of 200 pm to 800 um. In addition, the focal spot intensity ratio of
1040 nm to 800 nm laser beam increases with increasing imaging depth, from a value of 4.17
at 200 um to a larger value of 17.2 at 800 um. The simulation results illustrate that 1040 nm
laser beam has better penetration and focusing capability than 800 nm laser beam in
biological tissue, and 1040 nm fs laser is more suitable than 800 nm fs laser as two-photon
excitation source for deep-tissue in vivo bioimaging.
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Fig. 4. Simulation of the light intensity distribution of 1040 nm and 800 nm laser beams in
biological tissue at various vertical depths. (a-d) The simulated focal spots of 1040 nm laser
beam at depths of 200 pm, 400 pum, 600 pm and 800 pum. (e-h) The simulated focal spots of
800 nm laser beam at depths of 200 pm, 400 um, 600 pm and 800 pum. (i) The simulated light
intensity of focal spots of 1040 nm and 800 nm laser beams at depths of 200 pm, 400 um, 600
pum and 800 um. (j) The focal spot intensity ratio of 1040 nm to 800 nm laser beam at depths of
200 um, 400 pm, 600 um and 800 um.

3.4 Biodistribution and clearance of BT nanodots in mice

To verify the distribution and clearance of BT nanodots in tissue, the mice were intravenously
injected with 200 uL PBS (1 x ) dispersion containing BT nanodots via their tail veins, while
some mice were injected with only 200 pL PBS (1 X ) solution as the control group. Major
organs including heart, liver, spleen, lungs and kidney were resected 3, 6, 12, 24 and 72 hours
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after injection and then imaged on the Maestro optical imaging system (CRI, Inc. Woburn,
MA).

The fluorescence images of the major organs of the mice 3, 12, and 72 hours post the
injection of BT nanodots, as well as those of the control group, were shown in Fig. 5(a)-5(d).
Fluorescence signals could only be clearly detected in the organs of the organs of mice with
the injection of BT nanodots, and almost no signals could be detected in the control group,
indicating that the fluorescence should be from BT nanodots in the organs. Liver had brighter
fluorescence than other organs, indicating BT nanodots mainly accumulated in the liver of
mice, which might due to its detoxification function. As shown in Fig. 5(e), the fluorescence
signal in liver reached maxima about 12 hours post sample-injection, and gradually decreased
since then. The fluorescence signal in liver was weak 72 hours after injection, indicating BT
nanodots could be cleared by liver, via the metabolic function of mice. The fluorescence
intensities of different organs at different time points post sample-injection were also
summarized in Fig. 5(f).

control 12 hours

spleen lungs kidney spleen spleen lungs

72 hours

control 3 hours 6 hours

contral 3 6 12 24 72

spleen lungs kidney 12 hours 24 hours 72 hours Time (hours)

Fig. 5. Biodistribution and clearance of BT nanodots in mice. (a)-(d) Fluorescence images of
different organs of the control group (a), as well as the mice 3 h (b), 12 h (c), and 72 h (d) post
injection of BT nanodots. (e) Fluorescence images of liver of the control group, as well as the
mice 3 h, 6h, 12 h, 24 h, and 72 h post injection of BT nanodots. (f) Fluorescence intensities of
different organs of the control group, as well as the mice 3 h, 6h, 12 h, 24 h, and 72 h post
injection of BT nanodots.

In addition, the behavior of mice with and without the injection of BT nanodots was also
studied. 60 days after the treatment, no apparent pathological differences in shape, weight,
eating, drinking, exploratory behavior or activity were observed between the two groups.
These results indicated that BT nanodots had very little toxicity toward mice, which
facilitated their applications in bioimaging.

3.5 BT nanodots for 2PL in vivo microscopic imaging of ear blood vessels of mice

BT nanodots were used for in vivo 2PLimaging of mice ear, with the excitation of 1040 nm fs
laser. Since samples were intravenously into mice, the blood vessels of mice were full of BT
nanodots due to blood circulation. Figure 6(a)-6(g) show some representative 2PL images of
ear blood vessels of a mouse, at various vertical depths. Due to the bright 2PL signals from
BT nanodots, as well as low autofluorescence of tissue under 1040 nm fs excitation, the
structure of blood vessels at all depths of the mouse ear could be visualized clearly and the
signal to noise ratio of all the images was high. The 3D reconstructed 2PL image of BT
nanodots in the mouse ear was shown in Fig. 6(h), from which the vascular architecture in the
mouse ear was revealed clearly.
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100 um | (g)

Fig. 6. Intravital 2PL imaging of BT nanodots stained ear blood vessels in the mouse, at
various vertical depths: (a) 0 pm, (b) 20 um, (c) 40 pm, (d) 60 um, (e) 80 pum, (f) 100 pm, (g)
120 pm. (h) 3D reconstructed 2PL images. Scale bar: 100 pm.

3.6 BT nanodots for in vivo 2PL microscopic imaging of brain blood vessels of mice

We further performed in vivo brain vasculature imaging of mice with BT nanodots
intravenously injected, under the excitation of 1040 nm fs laser, and the images was shown in
Fig. 7.

100 um | (d)

Fig. 7. Intravital 2PL imaging of BT nanodots stained brain blood vessels in the mouse at
various vertical depths: (a) 0 pm, (b) 50 pum, (¢) 100 pm, (d) 150 um, (e) 200 um, (f) 250 pm,
(g) 300 pm, (h) 350 pm, (i) 400 pm, (j) 450 um, (k) 500 um, (1) 550 pum, (m) 600 pm, (n) 650
pm, (0) 700 pm.(p, q) 3D reconstructed 2PL images with different visual angles. Scale bar: 100
pm.
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Figure 7(a)-7(o) show some representative 2PL images of brain blood vessels of a mouse,
at various vertical depths (below the skull). At the surface of brain, the 2PL image contrast
was pretty good, and some tiny blood vessels could be visualized clearly, as shown in Fig.
7(b) and 7(c). With increasing imaging depth, the 2PL signal decreased due to the absorption
and scattering of 1040 nm fs beam in the tissue. However, a good signal to noise ratio (SNR)
was still kept, as shown in Fig. 7(h) and 7(i). The capillaries deep in the pia matter could also
be visualized with good contrast. Further increasing image depth would make 2PL signal too
weak to be detected, and we gradually increased the power of 1040 nm fs laser as imaging
depth got larger. In this case, the 2PL signals from BT nanodots were still bright, but the SNR
of image deteriorated gradually as imaging depth increased, as shown in Fig. 7(k)-7(o). The
largest 2PL imaging depth could reach 700 pum, and in this depth, the structures of blood
vessels were already difficult to be distinguished, as shown in Fig. 7(0). The 3D reconstructed
2PL images of BT nanodots in the mouse brain were shown in Fig. 7(p) and 7(q), with
different visual angles. The major blood vessels, as well as small capillaries could be
visualized clearly, showing the complicated vasculature in the mouse brain, within a 700 um
depth range. Herein, the deep-tissue 2PL imaging effect was attributed to two factors: the first
is that BT nanodots have a very high 2PA cross-section at 1040 nm, and the second is 1040
nm fs laser could penetrate deep and focus well in biological tissues.

4. Conclusions

In summary, a type of red emissive AIE luminogens BT was synthesized and characterized.
BT molecules were encapsulated with amphiphilic polymers to form nanodots, and the BT
nanodots have large Stokes shift. BT nanodots also have a high 2PL efficiency, with the 2PA
cross-section of 2.9 x 10° GM at 1040 nm. In addition, 1040 nm laser beam was found to have
a better penetration and focusing capability than 800 nm laser beam in biological tissues,
according to the Monte Carlo simulation. The biodistribution and toxicity of BT nanodots
were studied, and they were found to have biocompatibility. Combing the above two
advantages, 2PL in vivo imaging of mouse ear and brain were conducted by using BT
nanodots as the contrast agents, under 1040 nm fs excitation. The 3D architecture of blood
vessels was vividly reconstructed and the imaging depth could reach 700 pm in the mouse
brain. The red emissive AIE nanodots with high 2PA efficiency at 1040 nm would be useful
for deep-tissue functional bioimaging in the future.
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